1. Introduction {#sec1}
===============

PA6 is an excellent thermoplastic engineering plastic that has good mechanical strength and chemical resistance. However, the application of PA6 is limited in automobile and electrical applications due to its poor impact performance and high water absorption.^[@ref1],[@ref2]^ Many approaches have been designed to toughen PA6. There is an increased interest in ABS/PA6 blends due to their good chemical resistance and high impact strength. However, their incompatibility reduces these properties. Therefore, it is necessary to enhance the interface between ABS and PA6. Previous studies have focused on the difference in the compatibilizer types, such as ethylene acrylate terpolymer,^[@ref3]^ maleic anhydride functionalized,^[@ref4]^ styrene maleic anhydride copolymer,^[@ref5]^ poly(methyl methacrylate/maleic anhydride),^[@ref6]^ and so on. These functionalized grafted copolymers are not only miscible with the SAN phase of ABS but also capable of reacting with the end groups of PA6.

During the past few decades, the effects of the viscoelastic behavior and morphology of blends on their final mechanical properties have been studied.^[@ref7],[@ref8]^ Theoretical models have been developed to study the linear viscoelastic behavior of blends, such as the Palierne model^[@ref9]^ and the emulsion model.^[@ref10]^ These models relate the dynamic rheological behavior of blends in the morphology, composition, and interfacial tension between the phases of the polymers.^[@ref11]^ In addition, the rheological approach is an effective way to study the interface properties and morphology of the blends.

Reactive extrusion is a continuous method to manufacture polymer blends. It has been developed to prepare the nanostructure blends of PP/PA6^[@ref12],[@ref13]^ and PS/PA6.^[@ref14]^ Molten caprolactam has the ability to dissolve the ABS-containing reactive groups; therefore, in situ blending via reactive extrusion could be regarded as a suitable way to prepare ABS/PA6 blends with excellent properties. In the previous study, we successfully obtained a supertough ABS/PA6 blends via in situ reactive extrusion method.^[@ref15]^ The schematic illustration is presented in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. Compared with melt blending compatibilization, the anion polymerization of ε-caprolactam (CL) and compatibility modification can simultaneously take place during the extrusion process, obtaining much finer dispersions of ABS. It is clear that the incorporation of ABS can significantly alter rheological and crystallization properties because of the phase morphology, inherent amorphous character, and viscosity.^[@ref16],[@ref17]^ The morphology of submicron-sized ABS droplets evenly dispersed in the matrix is reflected in the crystallization and rheological behavior. Moreover, studies of rheological and crystallization behavior are instructive for blend manufacturing. However, very few studies have been reported on the rheological behaviors and crystallization kinetics. The rheological and crystallization properties of ABS/PA6 are investigated herein to provide adequate parameters for processing and modification. In addition, it also provides an example to deepen the relationship between structure and performance.

![Schematic illustration of ABS/PA6 by reactive extrusion (we prefer all color figures appear online only and black and white in print).](ao0c01298_0001){#fig1}

2. Results and Discussion {#sec2}
=========================

2.1. Morphology Observation {#sec2.1}
---------------------------

In the relevant studies, scanning electron microscopy (SEM) was successfully used to elucidate the compatibility of blends by observing the morphology, particle size, and degree of dispersion.^[@ref19]^ The SEM micrographs of the ABS/PA6 reactive blends with different ABS amounts are presented in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. After being fractured in liquid nitrogen, the samples have been fully etched by tetrahydrofuran (THF) to render the particle size and morphology of the ABS phase. The voids observed in the images are vacancies left by the removal of ABS particles dispersed in the PA6 matrix.

As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, many cavities are observed on the etched surface of the ABS/PA6 reactive blends, showing that the morphology of the blends had a "sea-island" two-phase structure. The submicron-sized ABS droplets were uniformly and completely embedded within the PA6 matrix. Furthermore, the blurred boundary of the two phases was visible for 5 and 15 wt % reactive blends, and the interfacial interaction between the ABS and PA6 was also improved via the reaction extrusion approach. During the polymerization process, an enhancement in the compatibility was produced due to the hydrolysis reaction of ABS in the presence of sodium hydroxide,^[@ref20]−[@ref22]^ leading to an improved dispersion and interfacial adhesion. When the ABS content was 25 wt %, the boundary of the two phases was clearly observed, indicating that the compatibility was reduced. This result was also demonstrated by the Fourier transform infrared (FTIR) analysis in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01298/suppl_file/ao0c01298_si_001.pdf). The curves of 5 and 15 wt % ABS/PA6 blends had no absorption band at 2236 cm^--1^ due to the hydrolysis of the CN groups, which was the characteristic absorption band corresponding to the C≡N vibration of the acrylonitrile group.^[@ref23]^ However, 25 wt % ABS/PA6 blend had an obvious absorption band at 2236 cm^--1^.

![SEM micrograph of the PA6/ABS reactive blends with different contents.](ao0c01298_0002){#fig2}

In addition, the average diameter of the dispersed particles is shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. From the histograms, the average diameter of rubber particles tended to increase gradually with increasing ABS content. The average values of the blends were 0.24, 0.32, and 0.35 μm for 5, 15, and 25 wt % ABS contents, respectively. The diameter was almost in the range of 0.2--0.4 μm due to the efficient enhancement in compatibility.^[@ref24]^ The average diameter increased with increasing ABS content, indicating that the compatibility between ABS and PA6 gradually decreased, which is consistent with the SEM results.

2.2. Rheological Properties {#sec2.2}
---------------------------

The rheological behavior of the binary polymer system was significantly influenced by the blend composition, morphology, interfacial adhesion, and molecular weight.^[@ref25]^ The complex viscosity (η\*) dependency on the frequency (ω) with different ABS contents is shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a. According to the figure, the complex viscosity of both PA6 and ABS gradually decreased as the frequency increased, exhibiting a typical shear-thinning characteristic of the pseudoplastic fluid.^[@ref26],[@ref27]^

![Rheological properties versus frequency with different ABS contents for reactive blends: (a) complex viscosity; (b) storage modulus; (c) loss modulus; and (d) tan δ.](ao0c01298_0003){#fig3}

However, the η\* value of the reactive blends first increased in the low-frequency region and then decreased gradually in the high-frequency region. It was quite different from the dilatant fluid behavior in the whole-frequency region. Also, the pseudoplastic fluid behavior was not completely consistent with the change in the viscosity in the low-frequency region. Compared with that for the ABS/PA6 melt blends in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01298/suppl_file/ao0c01298_si_001.pdf), η\* decreased with increasing frequency. From the reported studies, we know that compatibilized ABS/PA6 blends conform to pseudoplastic fluids.^[@ref28],[@ref29]^ The dilatant fluid behavior in the low-frequency region was attributed to the uniform distribution of submicron-sized ABS droplets, as well as the enhanced compatibility between PA6 and ABS. Moreover, the location of acromion peaks (dilatant fluid behavior) gradually moved to the low-frequency region with increasing ABS content (as shown in the dotted line), disappearing at the 25% content due to the gradually increased diameter of ABS droplets and decreased compatibility. Distinct acromion peaks appeared in the low-frequency region, indicating that the incorporation of ABS via reactive extrusion significantly affected the rheological behavior.

We also found that the complex viscosity of reactive blends obviously increased with the ABS content at a fixed frequency. Considering the inherent viscosities of the components, the reactive blends exhibited higher complex viscosities than the values predicted by linear superposition. This was possibly due to an enhancement in the interfacial interaction, which was related to the hydrolysis reactions. When the interface was strong, interface adhesion and entanglement occurred; hence, the viscosity of the blends increased.^[@ref25]^

In addition, the influence of the molecular weight on rheological behavior was studied. The molecular weights of the reactive blends are shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. We found that *M*~n~ and *M*~w~ of the reactive blends were lower than that of neat PA6 and decreased with increasing ABS content. This was attributed to the high viscosity of the reactive CL/ABS melting mixture that inhibited the diffusion of the active center of anionic polymerization, which decreased the molecular weight of PA6. In general, the viscosity of the polymer decreased with decreasing molecular weight. However, this is opposite to the result in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a. We speculated that this was attributed to the incorporation of a submicron-sized dispersed phase that drastically increased the molecular chain entanglement between PA6 and ABS.

###### Effect of ABS Content on *M*~n~ and *M*~w~ and Its Distribution for Reactive Blends

  samples           *M*~n~ × 10^--4^   *M*~w~ × 10^--4^   *M*~w~/*M*~n~
  ----------------- ------------------ ------------------ ---------------
  PA6               1.96               4.03               2.06
  5 wt % ABS/PA6    1.84               3.90               2.12
  15 wt % ABS/PA6   1.81               3.58               1.98
  25 wt % ABS/PA6   1.44               2.83               1.96

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b shows the response of the storage modulus (*G*′) as a function of the frequency for PA6/ABS blends with different amounts of ABS. As shown in the figure, the storage modulus curves for PA6 and ABS versus frequency almost followed a linear mixing rule,^[@ref30]^ which is similar to those of the melt blends in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01298/suppl_file/ao0c01298_si_001.pdf). We found that the storage modulus of the reactive blends gradually increased with the increasing amount of ABS and with the frequency. Notably, *G*′ showed a similar trend, and acromion peaks could be observed for all reactive blends. The storage modulus first increased in the low-frequency region, followed by linear mixing in the high-frequency region. This result is similar to the complex viscosity of reactive blends.

The rheological behavior of the storage modulus, which increased nonlinearly in the low-frequency region, differed fr with EnBACO-MAH,^[@ref2]^ ABS-*g*-MAH,^[@ref26]^ and PP-*g*-MAH,^[@ref11],[@ref31]^ where the storage modulus seemed to deviate in the low-frequency region. In the above discussion, the compatibility of reactive blends was proven, leading to an improvement in the interfacial adhesion and viscosity. In addition to the compatibility and molecular weight, the morphology of the submicron-sized uniformly dispersed phase played an important role in the rheological behavior.

The response of the loss modulus as a function of frequency is presented in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c for the reactive blends with different ABS contents. The 25 wt % blends produced the maximum loss modulus, indicating that a higher energy dissipation occurred than that for the blends with lower contents.^[@ref32],[@ref33]^ These loss modulus responses of the reactive blends seemed to deviate systematically in the low-frequency region. The change in the rubber phase ratio due to the incorporation of ABS increased the loss modulus responses of the ABS/PA6 blends. It was concluded that the viscoelastic behavior and loss modulus of the reactive blends depended strongly on the rubber particles in the ABS phase.

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d shows the response of the loss factor (tan δ) as a function of the frequency for different amounts of ABS in the reactive blends. According to this figure, PA6 had the highest loss tangent compared to that for the ABS. Both PA6 and ABS showed liquid-like behavior because the values of tan δ were greater than 1. In general, the incorporation of a compatibilizer can lead to an increased melt strength, a lower tan δ, and a higher elasticity.^[@ref34]^ Compared with that for the melting blends in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01298/suppl_file/ao0c01298_si_001.pdf), the reactive blends showed a lower tan δ. The introduction of ABS into PA6 reduced the value of tan δ, increasing the melt strength and elasticity. This is consistent with reported results; therefore, it was concluded that the ABS/PA6 blends were compatibilized.

The tan δ of the reactive blends was less than 1 in the scanning frequency range, exhibiting typical elasticity behavior for solidlike materials.^[@ref10]^ That is, *G*″ was lower than *G*′, indicating that the blends were relatively elastic. This was because the increase in the melt viscosity and improved compatibility strongly impeded macromolecular relaxation, resulting in a large deviation from the liquid-like behavior of ternary blends.

2.3. Nonisothermal Crystallization Curve of ABS/PA6 Blends {#sec2.3}
----------------------------------------------------------

Due to the introduction of amorphous ABS in the reactive blends, it is presumable that the crystalline behavior of blends may be different from neat PA6. Therefore, the nonisothermal crystallization characteristics of reactive blends with different ABS contents are investigated by differential scanning calorimeter (DSC) in this part.

The crystallization curves of the neat PA6 and reactive blends at various cooling rates are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. The crystallization parameters obtained by the analysis software are listed in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} (*T*~i~ is the initial crystallization temperature, *T*~e~ is the termination temperature, and *t*~1/2~ is the crystallization half time). It was found that the exothermic crystallization peaks of PA6 and ABS/PA6 reactive blends were all unimodal at different cooling rates. With an increase in the cooling rate, a decreased *T*~c~ and a widened temperature range were obtained for a single specimen, which were the common features of the nonisothermal crystallization of PA6.

![DSC curves of the blends at different cooling rates (a) PA6; (b) 5 wt %; (c) 15 wt %; and (d) 25 wt %.](ao0c01298_0004){#fig4}

###### Characteristic Parameters of Nonisothermal Crystallization with Different Cooling Rates

  samples           Φ (°C/min)   *T*~i~ (°C)   *T*~c~ (°C)   *T*~e~ (°C)   *t*~1/2~ (s)   Δ*H*~f~ (J/g)   *X*~c~ (%)
  ----------------- ------------ ------------- ------------- ------------- -------------- --------------- ------------
  PA6               5            189.62        186.06        181.95        49.53          58.28           30.67
                    10           185.87        181.26        176.08        30.29          58.19           30.63
                    15           183.52        178.37        171.91        24.10          59.06           31.08
                    20           181.75        175.81        168.62        19.58          59.51           31.32
  5 wt % ABS/PA6    5            191.49        188.58        184.38        45.57          54.96           30.45
                    10           187.91        184.63        179.18        28.06          55.85           30.94
                    15           185.86        181.16        175.64        20.44          56.42           31.26
                    20           183.50        179.18        172.67        15.92          56.54           31.32
  15 wt % ABS/PA6   5            189.53        186.72        183.52        39.07          45.31           28.06
                    10           184.81        182.09        177.08        25.52          46.14           28.57
                    15           182.27        178.36        173.03        18.72          45.96           28.46
                    20           180.48        176.12        169.75        15.93          45.43           28.13
  25 wt % ABS/PA6   5            188.07        185.13        181.60        42.01          35.87           25.17
                    10           183.90        180.23        175.49        25.80          36.03           25.28
                    15           181.41        177.08        171.09        20.42          36.68           25.74
                    20           179.51        174.75        167.43        17.76          37.21           26.11

Compared with that for the neat PA6, the ABS/PA6 blends had a relatively broader crystallization peak due to the temperature dependence of the crystal nucleation and growth, corresponding to the nonuniform crystal phases in the reactive blends. The crystallization peaks for PA6 and reactive blends gradually shifted to the lower temperature zone as the cooling rate increased. This was because an increased supercooling degree was required to achieve crystallization.^[@ref35]^ In addition, the *T*~c~ first increased and then decreased, as shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. The crystallization temperature of the reactive blends was higher than that of the neat PA6 at 5 and 15 wt % contents of ABS. These results further indicated that the submicron ABS phase played an active role in the heterogeneous nucleation crystallization of PA6.

However, the crystallinity and half crystallization time decreased gradually for the reactive blends with the incorporation of ABS into PA6. Moreover, we found that *t*~1/2~ was reduced as the cooling rate increased, indicating that the nucleation rate was the main factor affecting the total crystallization rate under the current test conditions.^[@ref36]^ This was attributed to the addition of the submicron ABS phase restricting the growth of the PA6 crystals, which led to a reduction in crystallinity. Similar results were reported for montmorillonite/PA6,^[@ref17]^ clay/PA6,^[@ref37]^ and graphite fluoride platelets/PA6^[@ref38]^ composites. It was also found that the reactive blends had a higher crystallization rate than PA6 at the same cooling rate, meaning that the submicron ABS phase played a key role in heterogeneous nucleation.

From the crystallization scans, the curves of the relative crystallinity (*X*~c~) versus time (*t*) are presented in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. The curves were obtained through the ratio of the crystalline peak area and the total crystalline peak area. It can be noted that all of the curves were S shaped. Moreover, the higher the cooling rate was, the shorter the time to complete crystallization, as was also reported in other works.^[@ref39],[@ref40]^

![Relation of relative crystallinity versus crystallization times for reactive blends with different ABS contents: (a) PA6; (b) 5 wt %; (c) 5 wt %; and (d) 25 wt %.](ao0c01298_0005){#fig5}

2.4. Jeziorony Kinetic Theory {#sec2.4}
-----------------------------

During the nonisothermal crystallization process of polymer blends, the nucleation and growth rates are affected by the temperature since the temperature continuously changes with time. On that basis, Jeziorony derived an equation to correct the rate constant *k* by dividing it by the cooling rate.^[@ref41]^

The plots of lg\[−ln(1 -- *X~t~*)\] against lg *t* for PA6 and ABS/PA6 reactive blends are shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. From the figure, we found that the curves changed along with the value of the relative crystallinity range. In these samples at *X~t~* \< 10%, only primary nuclei were formed, and the actual growth of the crystallites had yet to take place.^[@ref42]^ In general, the kinetics analysis of crystallization may be neglected because the parameter was very low. The lg\[−ln(1 -- *X~t~*)\] versus lg *t* plots were linear in the region for *X~t~* = 10--95% for these samples. This range was termed the primary crystalline region, and it had a faster crystallite growth immediately after the initial nuclei were formed.^[@ref43]^ From [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, the Avrami exponent values (*n*) for primary crystallization at different cooling rates were 1.94--1.99 for the neat PA6 and 1.84--1.91 for the 5 wt %, 1.94--1.98 for the 15 wt %, and 1.85--2.08 for the 25 wt % ABS/PA6 blends. The values of *n* for PA6 increased marginally with cooling rate and nearly reached 2, indicating one-dimensional crystal growth with homogeneous nucleation.^[@ref44],[@ref45]^ However, the values of *n* did not show any definite trend with variations in the ABS content or cooling rate in the reactive blends. Due to the heterogeneous nucleation of submicron-sized ABS droplets, the crystal pattern of reactive blends was two-dimensional disk growth. This implied that the crystal morphology changed from needle-like for PA6 to disk-like, and different growth mechanisms may have simultaneously occurred during the nonisothermal crystallization process.

![Plots of lg\[−ln(1 -- *X~t~*)\] versus lg *t* for PA6 and ABS/PA6 blends with different ABS content (a) PA6; (b) 5 wt %; (c) 15 wt %; and (d) 25 wt %.](ao0c01298_0006){#fig6}

In addition, crystallization rate constants (*Z*) and the modified rate constant (*Z*~c~) were obtained by linear fitting of the curves. A high value of *Z*~c~ indicates a high crystallization rate, and the change in the *Z*~c~ values resulted from the dominance of the nucleation or the growth process.^[@ref46]^ As shown in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}, the values of *Z*~c~ for ABS/PA6 were higher than those of pure PA6, and the crystallization rate is the highest at the 15 wt % ABS content. Under the same cooling rate, the semicrystallization time was shorter than that of PA6, indicating that the overall crystallization rate of reactive blends was higher than that of PA6. At ABS contents \>15 wt %, the values of *Z*~c~ were slightly reduced. This is because that the high viscosity of the ABS component and phase adhesion confine the matrix among the dispersed phase, functioning as impediments to the chain segment of PA6 molecules and leading to a decreased rate of crystal growth.

###### Values of Nonisothermal Kinetic Parameters of PA6 and ABS/PA6 Blends by the Jeziorny Method

  samples           Φ (°C/min)   *n*    *Z*     *Z*~c~   *t*~1/2~(s)
  ----------------- ------------ ------ ------- -------- -------------
  PA6               5            1.99   1.27    1.05     44.62
                    10           1.94   2.78    1.10     28.47
                    15           1.96   4.76    1.11     22.32
                    20           1.99   6.83    1.10     19.16
  5 wt % ABS/PA6    5            1.86   1.73    1.12     37.37
                    10           1.87   4.38    1.16     23.19
                    15           1.84   6.03    1.13     18.19
                    20           1.91   9.88    1.12     15.23
  15 wt % ABS/PA6   5            1.96   1.93    1.14     36.25
                    10           1.98   4.71    1.17     22.62
                    15           1.94   8.39    1.15     16.98
                    20           1.97   11.28   1.13     14.26
  25 wt % ABS/PA6   5            2.08   0.97    0.99     50.04
                    10           1.85   3.27    1.12     24.25
                    15           1.93   6.18    1.13     19.48
                    20           1.87   7.40    1.11     16.75

2.5. Kinetic Theory by Mo {#sec2.5}
-------------------------

To provide a more precise description of the crystallization process, the Mo equation was applied to describe the crystallization behavior of the PA6 composites.^[@ref47],[@ref48]^ The log Φ versus log *t* curves of the ABS/PA6 are shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} and are linear. The Mo equation is therefore suitable for describing the crystallization process of PA6 and reactive blends. The exponent α and the kinetic parameter *F*(*T*) calculated from the slope and intercept of these curves are shown in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}. Increased value of *F*(*T*) indicated a decreased crystallization rate because *F*(*T*) is described as a cooling rate value.^[@ref46]^ As listed in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, the value of *F*(*T*) increased gradually with increasing *X*~c~, indicating that the cooling rate has to be increased to obtain an increased crystallinity for a fixed time period.^[@ref49]^ For the same relative crystallinity, the *F*(*T*) value of reactive blends is lower than that of PA6, and decreased with increasing ABS content. The ABS/PA6 reactive blends had a higher crystallization rate than that of PA6.

![Plot of lg Φ versus lg *t* for reactive blends with different ABS contents: (a) PA6; (b) 5 wt %; (c) 15 wt %; and (d) 25 wt %.](ao0c01298_0007){#fig7}

###### Nonisothermal Crystallization Kinetics Parameters of ABS/PA6 Blends by the Mo Equation

  samples           *X*~c~ (%)   α      *F*(*t*)
  ----------------- ------------ ------ ----------
  PA6               20           1.51   1.55
                    40           1.49   2.95
                    50           1.53   3.63
                    60           1.52   4.57
                    80           1.40   7.59
  5 wt % ABS/PA6    20           1.39   1.41
                    40           1.37   2.75
                    50           1.31   3.52
                    60           1.30   4.47
                    80           1.14   7.13
  15 wt % ABS/PA6   20           1.70   1.12
                    40           1.62   1.95
                    50           1.58   2.45
                    60           1.57   3.31
                    80           1.46   6.03
  25 wt % ABS/PA6   20           1.48   1.14
                    40           1.57   2.09
                    50           1.59   2.75
                    60           1.54   3.55
                    80           1.42   6.46

2.6. Activation Energy of Crystallization {#sec2.6}
-----------------------------------------

In the nonisothermal crystallization of polymers, the peak crystallization temperature is influenced by the rate of cooling. On the other hand, these two parameters have some inter-relationship, which affects the activation energy for crystallization (Δ*E*). Kissinger^[@ref50]^ derived the following equation on the basis of this relation to evaluate Δ*ET*~c~ is the crystallization peak temperature, *R* is the universal gas constant (*R* = 8.314 J/(mol K)), and Φ is the cooling rate (K/min). The values of Δ*E* are calculated from the slopes of the least square lines drawn through these plots according to [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}).

![Activation energy of nonisothermal crystallization for ABS/PA6 blends by the Kissinger method.](ao0c01298_0008){#fig8}

It can be seen from the figure ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}) that the Kissinger curve of the reactive blends has a good linear relationship and the experimental data actually followed the theory of Kissinger. The activation energy calculated from the slope is shown in [Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}. The value of Δ*E* was negative, which was due to the energy released during the transition from a molten fluid to a crystalline state.^[@ref51]^ The crystal activation energy of the reactive blends was smaller than that of the pure PA6, indicating that the crystallization rate increased due to the heterogeneous nucleation of the submicron-sized ABS. The addition of ABS increased the number of crystal nuclei and accelerated the nucleation rate of PA6. On the other hand, the high-viscosity ABS was evenly dispersed in the blend, which restrained the arrangement and movement of the PA6 molecular chain segments in the crystallization process, thus impeding the growth of the grains.^[@ref52]^ Thus, the crystallization of PA6 required additional energy. In terms of the change in the activation energy, the former had a dominant influence on PA6 ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}).

![Polarized optical microscopy (POM) images of PA6 and ABS/PA6 blends isothermally crystallized at 190 °C for 1 h: (a) pure PA6, (b) 5 wt % ABS/PA6, (c) 15 wt % ABS/PA6, and (b) 25 wt % ABS/PA6.](ao0c01298_0009){#fig9}

###### Nonisothermal Crystallization Activation Energy of ABS/PA6 Blends

  samples           Δ*E* (kJ/mol)
  ----------------- ---------------
  PA6               --240.97
  5 wt % ABS/PA6    --233.11
  15 wt % ABS/PA6   --228.56
  25 wt % ABS/PA6   --251.83

2.7. POM Observation {#sec2.7}
--------------------

The crystal morphology of ABS/PA6 blends was observed by POM ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}), and the effect of ABS addition on the crystal morphology of reactive blends was further confirmed. As a kind of semicrystalline polymer, PA6 exhibited a typical spherulitic morphology, and well-defined spherulites impinged on each other with clear boundaries have been observed. The spherulite size of pure PA6 was much larger than that of the ABS/PA6 samples under the same crystallization time. The reason could be explained by the interaction between ABS and PA6 restricting the mobility of PA6 molecular chains and resulting in the decrement in the growth rate of spherulites.^[@ref53],[@ref54]^ However, the spherulite numbers of 5 and 15 wt % ABS/PA6 blends were more than that of pure PA6. The same result was observed in thermoplastic polyurethane/poly(lactic acid) (TPU/PLA) blends; TPU as a nucleating agent increased the nucleation density of PLA.^[@ref55]^ Interestingly, diffuse ringed spherulites morphology could be observed in 15 wt % ABS/PA6 blend. This should be because the formation of submicron ABS particles as a nucleating agent led to an increment in the nucleation density of PA6. When the ABS content was 25 wt %, the spherulite number decreased obviously because the high viscosity of ABS impeded PA6 crystallization. Moreover, some spherulites with uneven size were formed. In summary, a certain amount of ABS would play the role of nucleating agent and improve the crystallization performance of PA6.

3. Conclusions {#sec3}
==============

In this work, the rheological and nonisothermal crystallization properties of ABS/PA6-compatibilized blends prepared by reactive extrusion were investigated. The uniform distribution of submicron-sized ABS droplets resulted in dilatant fluid behavior and a transition to elastic behavior from viscous behavior in the low-frequency region. Moreover, the compatibility gradually decreased, and the average diameter of the ABS phase increased with increasing ABS content, leading to the disappearance of the dilatant fluid behavior. Compared to the crystallization of PA6, the 5 and 15 wt % ABS/PA6 blends had higher crystallization rates due to the heterogeneous nucleation of the submicron-sized ABS droplets. The POM images displayed that the spherulite number of PA6 increased and its spherulite size decreased with the increasing content of ABS. At a content of 25%, the high viscosity of the ABS restrained the arrangement of the PA6 molecular chain segments. In addition, the Mo method was found to be suitable for the nonisothermal crystallization kinetics of the ABS/PA6 blends. Finally, the activation energy evaluated by the Kissinger method showed that the crystallization rate was highest with the addition of 15 wt % ABS. Through the rheological and crystallization results, it could be concluded that the submicron-sized ABS droplets had a significant effect on both the liquidity and heterogeneous nucleation of PA6.

4. Experimental Section {#sec4}
=======================

4.1. Materials {#sec4.1}
--------------

ε-Caprolactam (CL) was obtained from the Joint Stock Company and ABS (AN content and rubber content are 14 and 58 wt %) was supplied by Kumho Petrochemical Co. The sodium hydroxide (NaOH), tetrahydrofuran (THF), and toluene-2,4-diisocyanate (TDI) were produced from Shanghai Chemical Reagents Company. They are of analytical grade and used directly.

4.2. Preparation of Blends {#sec4.2}
--------------------------

For a typical reactive extrusion process, a certain amount of ABS was dissolved in molten CL at 160 °C under mechanical stirring. Before vacuum dehydrating, 1 wt % NaOH and 0.5 wt % TDI were added to two equal parts of the ABS/CL molten mixture. Reactive extrusion was carried out using an co-rotating twin-screw extruder (TSE-20). The screw diameter is 20 mm, and the active barrel length is 800 mm; the screw rotational speed was set to 100 rpm. The temperatures of the extruder barrel were 120, 140, 160, 180, 220, and 200 °C. The blends with 5, 10, 15, 20, and 25 wt % contents of ABS were obtained, respectively.

4.3. Characterizations {#sec4.3}
----------------------

The fractured surfaces of all samples were observed with a Hitachi S4800 scanning electron microscope (SEM). The specimens fractured in liquid nitrogen were observed under SEM after etched surfaces had been gold sputtered.

Rotational rheological analysis was performed on an Advanced Rheometric Exnylonnsion system (ARES, Rheometrics Scientifics) in a parallel-plate geometry. The plate diameter was 25 mm, and the spacing was 1 mm. All samples underwent 80 °C drying for 24 h to prevent moisture-induced degradation. The rheological testing was performed under frequency sweeps ranging from 0.1 to 100 rad/s at 240 °C under a nitrogen atmosphere.

4.4. Gel Permeation Chromatograms (GPCs) {#sec4.4}
----------------------------------------

The reactive blends were extracted with THF for 24 h using a Soxhlet apparatus to remove ABS. Then, the extracted samples were dried at 80 °C for 12 h. AWaters-991 model GPC was used to evaluate the number-average molecular weight (*M*~n~), the weight-average molecular weight (*M*~w~), and the distribution of samples by calibration with a PA6 standard. The measurements were performed at 35 °C on polymeric solutions in hexafluoroisopropanol (*c* = 0.5 g/dL).

4.5. Polarized Optical Microscope (POM) {#sec4.5}
---------------------------------------

Crystal morphology of pure PA6 and ABS/PA6 samples prepared by reactive extrusion was observed by POM (Caikon XP-330C, Shanghai Caikon Optical Instrument Co., Ltd., China). A dual hot stage was employed to control the isothermal crystallization temperatures of all samples. These samples were heated from room temperature to 250 °C at a rate of 50 °C/min, kept for 5 min to eliminate thermal history, and then cooled down at a rate of 30 °C/min to 190 °C and maintained for 60 min to observe the crystal morphology.

The melting and crystallization behaviors of reactive blends were characterized using a NETZSCH DSC 2000 differential scanning calorimeter (DSC). The pure PA6 and ABS/PA6 blends were then passed through subsequent cooling and heating cycles under a nitrogen atmosphere. Samples were first heated from 50 to 250 °C at a heating rate of 50 °C/min and kept for 5 min to erase previous thermal history. The nonisothermal crystallization curves and crystallization temperature (*T*~c~) were recorded from 250 to 50 °C at different cooling rates of 5, 10, 15, and 20 °C/min. Then, the samples were heated to 250 °C at a heating rate of 10 °C/min, from which the melting temperature (*T*~m~) and crystallinities (*X*~c~) were determined. The crystallinities of the samples were calculated by the following equation: *X*~c~ = Δ*H*/(*F*Δ*H*\*) × 100%, where is the enthalpy of fusion of samples, *F* is the polyamide part weight fraction present in the blend, and Δ*H*\* is the melting enthalpy of a 100% crystalline PA6 (Δ*H*\* = 190 J/g).^[@ref18]^

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01298](https://pubs.acs.org/doi/10.1021/acsomega.0c01298?goto=supporting-info).FTIR spectrum of PA6 and ABS/PA6 blends prepared by reactive extrusion, and rheological properties versus frequency for melt blends ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01298/suppl_file/ao0c01298_si_001.pdf))
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